Amorphous InGaZnO 4-x S x thin films were fabricated using a polycrystalline InGaZnO 4 target by pulsed laser deposition in an H 2 S gas flow. The optical band gap first decreased from 3.05 to 1.65 eV as x increased from 0 to 1.5, and then increased to 2.6 eV at larger x, showing a bandgap bowing behavior. All the sulfur-containing films have high resistance beyond our measurement limit. Film density of the a-InGaZnS 4 film was decreased by ³40% from that of a-InGaZnO 4 . Density functional theory calculations were performed to explain these results.
Introduction
Amorphous oxide semiconductor (AOS) has attracted much interest because of their advantageous properties such as good transparency to human eyes, low temperature process, high uniformity, relatively high mobility for amorphous materials [>10 cm 2 /(Vs)], and low defect density compared to those of hydrogenated amorphous Si (a-Si:H) that is actually used in thin-film transistors (TFTs) of current flat-panel displays. We demonstrated the first AOS TFT in 2004 where amorphous InGaZnO (a-IGZO) was used as a channel layer, 1) and the AOS TFTs are now employed in commercially available smartphones, tablets, and displays.
However, AOS is not suitable for optoelectronic applications such as photovoltaic devices because it cannot utilize low-energy photons due to their wide band gaps typically >3.0 eV. In ionic oxide materials like AOS, fully-occupied O 2p orbitals mainly contribute to the valence band maximum (VBM), while conduction band minimum (CBM) is formed mainly by unoccupied metal ns orbitals. 2) , 3) This electronic structure explains that ionic chalcogenides tend to have narrower band gaps than ionic oxides due to the shallower energy level of chalcogen p orbitals than O 2p ones. Therefore, chalcogenides such as sulfide, selenide, telenide, and oxychalcogenide have been investigated widely for photovoltaic devices, light-emitting devices, phosphors, and ptype semiconductors. 4)6) We, therefore, consider amorphous oxychalcogenides would also be interesting and important for optoelectronic applications as already demonstrated by AOS for TFTs. This paper reports the fabrication and characterization of amorphous InGaZnO 4-x S x thin films. Sulfur substitution in a-IGZO was achieved by using pulsed laser deposition (PLD) of an InGaZnO 4 polycrystal target in an H 2 S gas flow. Unusual band gap dependence on the sulfur content, a band bowing behavior, was observed. First-principles density functional theory (DFT) calculations were performed to investigate the effect of sulfur substitution on the film structures and electronic properties.
Experimental procedures
Polycrystalline InGaZnO 4 PLD targets were fabricated by sintering a mixing powder of In 2 O 3 , Ga 2 O 3 , and ZnO at 1450°C. Thin films were deposited by PLD using a KrF excimer laser (wavelength: 248 nm) in an H 2 S gas flow at room temperature on silica-glass substrates. We used a gas mixing ratio of H 2 S/ Ar = 1/4 at the total pressure of P tot = 0.110 Pa.
Film structures were characterized by X-ray diffraction (XRD). Film densities were extracted from a grazing-incidence X-ray reflectivity (XRR) spectra. Optical absorption coefficients were measured at room temperature by a conventional spectrometer (Hitachi U4100). Surface morphologies of the thin films were observed by atomic force microscopy (AFM; SPI-3700/SPA-300, Seiko Instruments). Chemical composition was measured by inductively coupled plasma mass spectrometry (ICP-MS), where the chemical compositions were obtained by averaging 10 times measurements for each sample.
DFT calculations were performed using a code Vienna Ab initio Simulation Package (VASP) with the projector augmented wave (PAW) method. Here, we built five a-InGaZnO 4-x S x structures with x = 0, 1, 2, 3 and 4. For modeling the a-InGaZnO 4-x S x structures, we employed an 84 atoms (InGaZnO 4 ) 12 supercell model reported in Ref. 7) as the starting structure. Initial (InGaZnO 4-x S x ) 12 supercell models were built by substituting the oxygen sites by sulfur atoms, followed by a melt-quench method using first-principles molecular dynamics (FPMD) simulations. The initial (InGaZnO 4-x S x ) 12 supercell models were first heated to 1200 K, where the melting phases were confirmed by ions migration via square-root displacements etc, and then cooled step-by-step to T cool = 1000 K, then to 900, to 800, and finally to 700 K, where ions migration was frozen. The quenched models at each T cool were subjected to structural relaxation calculations to obtain the stable amorphous structures. It should be noted that it is not easy to obtain the most stable amorphous structures by FPMD because the model size and the MD simulation time are limited. Therefore, we here chose the model with the lowest total energy among the quenched models with different T cool . These FPMD and structure relaxation calculations were carried out at the generalized gradient approximation (GGA) level using PBE96 functionals. Electronic structures were calculated using HeydScuseriaErzenhof (HSE) hybrid functionals because PBE96 underestimates the band gap very significantly, and hybrid functionals provide better results.
Results
We first deposited thin films using a crystalline InGaZnO 4 target at various P tot . Their XRD patterns exhibited amorphous structures (data not shown). Chemical compositions measured by ICP-MS are summarized in Table 1 . It shows that sulfur concentration increases with increasing P tot . This result implies that sulfur atoms are easily incorporated to amorphous InGaZnO 4 by the roomtemperature PLD, which would be proceeded via reactions including O [in PLD plume/film] + H 2 S => S [in film] + H 2 O as reported for ZnS 1-x Se x thin films using H 2 S gas from a ZnSe target. 8) We evaluated optical band gaps of the a-InGaZnO 4-x S x thin films by Tauc' plots as shown in Fig. 1(a) , which are summarized in Fig. 1(b) as a function of x. Interestingly, bandgap bowing is observed; i.e, optical gap once decreases from 3.05 to 1.65 eV as x increases to 1.5, and then increases to 2.6 eV with x to 4.0. A similar band gap bowing is reported for crystalline Zn(O,S). 9) We also investigated the density of the thin films by XRR. We observed the surface morphologies by AFM and confirmed that the films did not include pin holes, which guarantees that the film densities obtained by XRR are not affected by the pin holes and film discontinuity. Figure 2 compares the densities measured by XRR with those calculated by DFT, showing that the calculated models reproduce well the experimental densities. We can see that the film density rapidly decreased with increasing the x. It should be noted that the molecular weight of InGaZnS 4 (378.3 g/mol) is hevier than that of InGaZnO 4 (313.9 g/mol); therefore, the decrease in the film density with increasing x is not explained by the simple substitution with S and should be attributed to the decreased packing density of ions.
Discussion
Here we discuss the above two observed results induced by the sulfur substitution; one is the decrease in the film density, and the other is the bandgap bowing. Figure 3 shows the structures of the a-InGaZnO 4 model reported in 10) and the a-InGaZnS 4 model obtained in this study. We calculated the running coordination numbers (RCNs, integrated coordination number with respect to distance R) from these structures as shown in Fig. 4 Further, we can see that all the coordination numbers both around cation and anion in a-IGZS are rather smaller than those in a-IGZO (see the RCN values at the plateus in Fig. 4) . Table 2 shows that the O:S ratios around In correspond well to the chemical composition ratios R CC = 1 ¹ x:x, indicating that In does not have favor coordiation to O nor S. While, the O:S ratios around Ga are larger than the R CC , indicating that Ga prefers to bond with O. For Zn, an opposite result to the Ga case is found, indicating that Zn prefers to bond with S. From the summation of the O and S coordination numbers (N tot ) in Table 2 , we can see a clear trend that the coordination number decreases with increasing x. Figure 4(d) shows the total RCNs of all the cations around O (the black curve) and S (the red curve), respectively. Their plateus show that the coordination number around S (³3) is smaller than that around O (³4). These results indicate that sulfur substitution in a-IGZO alters the coordination structures significantly both around cations and anions, and reduces their coordination numbers. In more details, as shown in Fig. 3 , the oxygen ions in a-IGZO have mainly four-fold and partially five-fold coordination structures, while most sulfur atoms in a-IGZS have lower coordination numbers (mainly three, but some S are coordinated only by two cations). It seems that stronger covalent bond of sulfur gives rise to the formation of the polymeric network structure and contrubte to the low density structure.
We next calculated the electronic structures of a-InGaZnO 4-x S x using HSE hybrid functionals. Figure 5 compares the density of states (DOS) of each a-InGaZnO 4-x S x model (x = 0, 1, 2, 3, and 4), where the energy is normalized with respect to the energy level of O 2s and S 3s. As shown in Fig. 5(b) , the VBM level shifts to higher energy with increasing x. This is because S 3p Journal of the Ceramic Society of Japan 123 [7] 537-541 2015 orbitals, which contribute to VBM, are located at higher energies than O 2p as confirmed in the projected DOSs (PDOSs). Figure 6 illustrates the energy band alignment diagram, where the CBM levels were estimated from the optical band gaps obtained from Fig. 1(b) . As discussed above, the VBM level raises with increasing x due to the S 3p contribution. Further, we can see that the CBM level first deepens with increasing x up to 2, and then raised at larger x. To understand the variation of the CBM levels, we would need to consider several effects; e.g., (i) raise of the CBM level due to anti-bonding interaction between M(O,S), (ii) decrease in the conduction band (CB) dispersion due to elongated MMB distances, which form the CBM states, and reduced hybridization, and (iii) increase in CB dispersion due to MSM hybridization. The raise of the CBM level in the large x region is explained by the elongation of the MMB distances, in particular between In 5s orbtials. On the other hand, the reason for the deepening of the CBM is not clear, but the enlarged MS M hybridization and resulting increased CB dispersion would be a plausible origin. As a consequence of the monotonous raise of VBM and the first deepeninig of CBM due to increasing S content, the bandgap shows the bowing behavior, which is similar to the case of Zn(O,S). 9) Unfortunately, we could not measure electrical conductivity for all of the sulfur-containing films due to too high resistance (our measurement limit is 10 8 ³ cm for 100 nm-thick film), while a-IGZO films exhibited the conductivity of ³10 ¹3 S/cm. Here we discuss the reason for the high resistance. First, conventional amorphous chalcogenides (a-Se etc) are highly resistive and tend to form covalent bonds with two-fold coordination structures. Such low-coordination network structure is so flexible that impurity doping induces structural relaxation, the free carriers that would be generated from the dopants are trapped, and the resistivity remained high [valence alternation pair (VAP) model 12) ]. As discussed above, a-IGZS has lower coordination numbers, which would have lone-pair electrons on S, and its network structure is more flexible than a-IGZO. Actually, localized states are newly-created in the band gap of the sulfur-containing models as shown in Fig. 5(b) . The isosurface drawing of the corresponding wave functions «²« 2 at the localized state of a-InGaZnO 3 S 1 [Fig. 5(c) ] shows that the localized state originates mainly from two-fold coordinated sulfur atoms as well as from In. As such, the sulfur inclusion would produce the in-band gap defects, trap electrons, and result in the very high resistance similar to the amorphous chalcogenide cases.
We may compare this result with previously-reported n-type a-In 2 S 3-x , which have the free electron density of 2.5 © 10 16 cm ¹3 and the large Hall mobility of ³26 cm 2 /Vs. 13) In the Ref. 13) , it is concluded that the improved ability of doping and the large electron mobility in a-In 2 S 3-x originates from its rigid coordination structure; i.e., each S ion is coordinated by four In ions on average. Such rigid structure is robust against structure relaxation by impurity doping, and resulted in the successful n-type doping. On the other hand, the S ions take lower coordination numbers (mainly three) in a-IGZS and thus it is flexible to create the electron traps in the bandgap. 
Conclusions
The effects of sulfur substitution in amorphous InGaZnO 4 were investigated. We found that optical bandgap shows the bandgap bowing behavior. The obtained bandgaps fell in the visible region (1.652.6 eV) and would be suitable for optoelectronic applications. However, carrier doping was failed, and only very high resistance films were obtained. DFT calculations explained the reduction of film density by the elongated MS distance and the reduced coordination numbers of sulfur, which causes formation of electron traps and results in the high resistance. The sulfur substitution raises the VBM level, explaining the band gap narrowing in the low sulfur content region. On the other hand, the widening of the band gap in the high sulfur content region would be explained by the elongated MMB distance and the stronger anti-bonding between cations and S.
These results indicate that the effect of mixed anion is not simple and not monotonous, giving wider flexibility and variety of the electronic structure modification. It is also indicated that more rigid structures with higher coordination structures are required to attain better dupability and to obtain higher electronic conductivity in the IGZO-based oxychalcogenides.
